In this paper, Al 2 O 3 thin films are deposited on a hydrogen-terminated Si substrate by using two home-built electron cyclotron resonance (ECR) and magnetic field enhanced radio frequency plasma-assisted atomic layer deposition (PA-ALD) devices with Al(CH 3 ) 3 (trimethylaluminum, TMA) and oxygen plasma used as precursor and oxidant, respectively. The thickness, chemical composition, surface morphology and group reactions are characterized by in situ spectroscopic ellipsometer, x-ray photoelectric spectroscopy, atomic force microscopy, scanning electron microscopy, a high-resolution transmission electron microscope and in situ mass spectrometry (MS), respectively. We obtain that both ECR PA-ALD and the magnetic field enhanced PA-ALD can deposit thin films with high density, high purity, and uniformity at a high deposition rate. MS analysis reveals that the Al 2 O 3 deposition reactions are not simple reactions between TMA and oxygen plasma to produce alumina, water and carbon dioxide. In fact, acetylene, carbon monoxide and some other by-products also appear in the exhaustion gas. In addition, the presence of bias voltage has a certain effect on the deposition rate and surface morphology of films, which may be attributed to the presence of bias voltage controlling the plasma energy and density. We conclude that both plasma sources have a different deposition mechanism, which is much more complicated than expected.
Introduction
Atomic layer deposition (ALD) is one of the chemical vapor deposition techniques, except sequential purging of precursor and reactant and self-limiting binary surface reactions [1] , which has emerged as an urgent technique for depositing dense and conformal films with a high-quality and easily controllable composite for a variety of applications [2] , e.g. bio-nanotechnology, photovoltaics, energy storage, flexible and organic electronics, catalysis and gas-diffusion barrier layers [3] . Many materials, such as oxides, carbides, nitrides and metals, have been prepared by this technique [4] . A typical ALD cycle consists of four stages as shown in figure 1. The cycle starts by introducing the first precursor into the chamber, which is flushed by inertia gases in the second stage. Then, the other precursor (also called reactant) is fed to take alternative reaction with the absorbed precursor before flushing the by-products and the excess precursor by inertia gas to finish the fourth stages. After a complete reaction cycle, one atomic layer of desired coating is chemically bonded to the substrate surface [5] .
Plasma-assisted atomic layer deposition (PA-ALD) is a combination of plasma technique with ALD technique. The difference between PA-ALD process and thermal atomic layer deposition (T-ALD) is based on the fact that during the reactant exposure period (typically O 2 , H 2 , N 2 , NH 3 , or mixtures thereof), plasma is used to create reactive vapor species that impinge on the growth surface instead of the radicals dissociated by temperature coming by heating dissociation in T-ALD [6, 7] . Thus, in addition to the advantages provided by the ALD itself, PA-ALD demonstrates some unique benefits, such as expanding reaction chemistry, lowering deposition temperature, adjusting material properties, improving crystallinity, high repeatability, high deposition rate, good control of stoichiometry in composition film, and most importantly, attainable meta-stable states with unique functions [4] .
However, the mechanism of PA-ALD, depending on different plasma sources, is not well understood yet, such as electron cyclotron resonance (ECR) plasma source and magnetic field enhanced radio frequency (RF) plasma source. Therefore, in this paper we investigate the effect of ECR plasma and magnetic field enhanced RF plasma on PA ALD Al 2 O 3 films with Al(CH 3 ) 3 and oxygen plasma as a precursor and oxidant, respectively. Figure 2 is a schematic diagram of a home-built magnetic field enhanced RF (13.56 MHz) plasma assisted ALD device with a constant power of 100 W, which consists of a magnetic field generation system, a plasma generation system, gas inlet system, a pumping system and a cooling system. The magnetic field is generated by the excitation coil above the sample holder and the strength of the magnetic field is adjusted by the DC power input current. Figure 3 is a schematic diagram of a home-built ECR plasma assisted ALD device, which is mainly composed of a magnetic field generation system, a plasma generation system (2.45 GHz), vacuum system, gas inlet system, cooling system and bias voltage system. Al 2 O 3 films were deposited on p-type Si substrates (1 cm × 1 cm) at room temperature with TMA, oxygen plasma and Ar as the precursor, oxidant and purge gas, respectively. Prior to deposition, Si substrates were cleaned ultrasonically with isopropanol, alcohol, and deionized water for 15 min, respectively, and then soaked in 2 at% HF solution to remove dust and SiO 2 layer and to produce OH-terminated surfaces. TMA, stored at room temperature without any heating and flown into the chamber, was controlled by altering the flow rate of Ar carrier gas. In the experiment, the base pressure in the chamber was pumped to 5 × 10 −4 Pa. The number of deposition cycles was in the range of 0-300 cycles. The RF power in the magnetic field enhanced RF plasma assisted ALD was fixed at 100 W, and the magnetic strengths were changed from 0 to 5.5 mT by adjusting the current in DC power supply, while the microwave power and bias voltage were 300 W and 0-150 V, respectively, in the ECR PA ALD. A typical ALD cycle used in magnetic field enhanced RF PA ALD and ECR PA ALD was shown in figure 4 . The thickness, chemical composition, surface morphology and surface reactions were characterized by spectroscopic ellipsometer (SE, HORIBA, Jobin Yvon, France), x-ray photoelectric spectroscopy (XPS, AXIS Ultra, Kratos company, England), atomic force microscopy (AFM, DI INNOVA, VEECO company, USA), high-resolution transmission electron microscope (HRTEM, JEM2010F) and mass spectrometry (MS, Hiden PSM 001MS), respectively.
Experiments

Result and discussion
Magnetic field enhanced RF PA-ALD
The main advantage of PA-ALD over T-ALD is to obtain higher free radical concentration at relative low temperature. However, in order to obtain a high reactive particle activity, PA-ALD often applies a high power, which may result in the film being damaged by high-energy particles. With a magnetic field, plasma can be confined, as a result, the ionization efficiency of the neutral gas will be increased and the contamination of the deposited film by the cavity wall will be reduced. At the same time, a high density of plasma will produce more active particles, which can affect the film growth model and growth rates. Therefore, the influence of the magnetic field strength on the deposition rate and morphology is investigated.
The film thicknesses in various magnetic field strengths are shown in figure 5(a). One can clearly see that the initial nucleus growth is affected by the magnetic field strength, where the plot of film thickness versus process cycles has no zero crossing, which means the deposition model in PA-ALD is different from T-ALD. After the initial nucleus, the deposition rate of the film increases linearly with the increase of the magnetic field. Figure 5 (b) shows the variation of growth rate of Al 2 O 3 film with different magnetic field strengths on Si substrates. The deposition rate is over 0.175 nm/cycle in magnetized RF PA-ALD, which implies the magnetized plasma can significantly improve the deposition rate than that done in T-ALD.
The initial growth of Al 2 O 3 film is affected by magnetic field strength. In figure 6 one can see that the film is grown in island growth mode at no or a lower magnetic field strength; whereas the growth rate is linear with the deposition cycle at a higher magnetic field strength, such as 5.5 mT condition in figure 6(d) . If the film is grown in the layer-by-layer growth mode, there should be no nucleation barriers. Therefore, from figure 6(d) we can conclude that under the aid of the magnetic field the nucleation barrier of ALD Al 2 O 3 is decreased, and the film will be a rapid nucleation and then gradually increase in the two-dimensional layer-by-layer growth mode. Figure 7 shows that the surface morphology and roughness of ALD Al 2 O 3 film affected by magnetic field strength. When the magnetic field is increasing, the film surfaces become smoother and smoother.
We utilized in situ MS to in situ analyze the mechanism of magnetized RF PA-ALD. The MS results are shown in figure 8 , which suggest that the combustion reaction dominates the self-limit reaction process, in which CH 4 is the main by-product during the TMA chemical adsorption. During oxygen plasma exposure, the Al-CH 3 site is oxidized into Al-OH, and CH 4 , CO 2 , CO, C 2 H 4 , and C 2 H 2 are the main combustion by-products.
Based on the MS data, the possible reactions are suggested below: 
ECR PA-ALD
ECR plasma demonstrates a high ionization degree, and a high density of electrons and ions compared to other plasma sources as shown in table 1. In addition, ECR PA-ALD has some other advantages, such as low working pressure (0.001-0.1 Pa), electrodeless discharge and magnetic field confinement. It is expected that ECR PA-ALD can be used to prepare a high quality Al 2 O 3 thin film. Figure 9 shows that the variation of Al 2 O 3 film thickness with the number of cycles in ECR PA-ALD. From figure 9 , one can see clearly that the film thickness versus process cycles has no zero crossing in the x-axial, which also means the deposition model in ECR PA-ALD is different from T-ALD, where a typical phenomenon is the line passing through the cross-zero of x-y axis [8] . But the thickness of the Al 2 O 3 films is precisely proportional to the number of cycles, which confirms the growth characteristic in ALD mode. The growth rate of 0.26 nm/cycle in ECR PA-ALD is significantly higher than the deposition rate of T-ALD. The possible reason is the high reactivity of oxygen radicals generated by ECR plasma reacts completely with Al-CH 3 ligand [9] .
In order to further explore the reason of high deposition rate in ECR PA-ALD, we conduct an emission spectroscopy diagnosis during oxygen plasma as shown in figure 10 . We can see not only the atomic oxygen at 777.4 nm, but also the lines at 314 nm, 338 nm, 357.6 nm bands for excited oxygen molecules existing during oxygen plasma reaction.
The surface topographies of Al 2 O 3 film deposited in 300 cycles of ALD were revealed by the AFM and the HRTEM as shown in figure 11 . We notice that Al 2 O 3 film in a large area is uniformity and conformality. The root mean square (rms) roughness is only about 0.4 nm, which is remarkably smaller than deposited by other methods, such as chemical vapor deposition and physical vapor deposition [10] . A thickness of 2 nm of the interface layer is also observed between Al 2 O 3 film and Si substrate, which is most likely silicon oxide formed at the initiation stage of the exposure to Si substrate to the high reactive oxygen free radicals [9, 11] . The dielectric constant of the deposited Al 2 O 3 film was 8.1, which is close to the dielectric constant of bulk alumina (ε=8.9). This certifies that the ECR PA-ALD can fabricate a high quality film. Again, we performed in situ MS measurement of ECR PA-ALD and also found that the deposition of Al 2 O 3 film in ECR PA-ALD was not the simple reaction of TMA with oxygen to produce alumina, water and carbon dioxide. From figure 12 one can see that reactions form not only water and carbon dioxide, but also acetylene and carbon monoxide, etc during reaction. The reaction mechanism in ECR PA-ALD was also very complex in fact.
Generally, we think the overall reaction of TMA and oxygen deposition mechanism in ECR plasma is as followings:
It is divided into the following two cycle half-reactions:
During TMA purging, TMA first reacts with the hydroxyl groups on the substrate to form AlCH 3 * active groups and then saturates on the substrate surface. When the oxygen plasma purges into the reaction chamber, the formation of a large number of active oxygen atoms reaching the substrate reacts with the saturated AlCH 3 * active groups and then forms H 2 O and CO 2 . So, Al 2 O 3 films can be grown in cycle by cycle. However, comparing the deposition mechanism of different plasma sources, whether magnetic field enhanced RF plasma or ECR plasma, MS analysis shows that not only the generation of alumina, water and carbon dioxide appearing in T-ALD, but also the formation of carbon monoxide and acetylene after the oxygen plasma is introduced, which indicates that the reaction mechanism is very complicated and needs further exploration.
Mechanism of bias potential on PA-ALD
A so-called RF self-bias effect is well known in the low pressure RF plasma. The process and material properties can be tailored using substrate biasing because of stimulating ligand-removal and enhancing adatom migration. Therefore, in order to further control the plasma energy, a bias voltage is added to the sample holder in ECR plasma device. Under the function of bias, the generated ions accelerate to reach the substrate, which has an etching effect on the substrate. This not only can promote the diffusion of surface atoms during the film formation and the etching of the surface loose atoms, but also make the film surface smooth and dense, greatly improving the surface compactness of the Al 2 O 3 film [12] . Figure 13 shows that, with the bias voltage increasing, the overall thickness of the film tends to decrease, indicating that the presence of bias affects the film growth rate.
In order to further study the effect of bias on the film growth, we measured the axial electron temperature and electron density, as shown in figure 14. One can see that whether the RF power is 50 W or in the absence of bias, the electron temperature and electron density at the central position are the highest, and decrease along with the distance while the distribution of electron temperature is almost the same in these two cases, the difference is that when the RF power is 50 W, the electron density is slightly higher than the no bias condition. Figure 15 shows the relationship between electron temperature and electron density and negative bias at different power levels. It can be seen that as the bias voltage increases, the electron temperature does not change obviously, the electron temperature and power changes are not relevant to each other while the electron density is quite different; the higher the power, the higher the electron density.
The effect of bias power also relates to the morphology, as shown in figure 16 . As the power is increasing, the rms value of the thin film is decreasing. When the bias power is 150 W, the roughness of the film is 0.32 nm. The film is smoother and denser due to the presence of negative bias.
Conclusions and challenge
In this paper, the effect of different plasma sources on the properties of the deposited films was investigated. We obtained that both RF PA-ALD and ECR PA-ALD could deposit thin films with compactness, uniformity and purity at a high deposition rate. MS analysis showed that the deposition reactions were not simple reactions between TMA and oxygen plasma to produce alumina, water and carbon dioxide, in fact, acetylene and carbon monoxide also appeared in the exhaustion gas. The deposition mechanism is far more complex than expected. In addition, the presence of the bias increases the density of the electrons, thereby improving the surface morphology of the film. We believe that in PA-ALD, the reactive species not only undergo the normal T-ALD reactions but can react on saturated surface sites, which may be reflected by the formation of defects inside the material or at the surface. In addition to the deposition mechanism research, with PA-ALD technology constantly expanding the scope of application, it also faces some challenges. First, the bombardment of the substrate by energetic ions, which accelerated in the plasma sheath, can lead to bond-breaking, displacement of atoms in the surface. Some induced undesirable surface reactions can also occur, including oxidation and nitridation, which may affect the quality of the film. Besides, the conformality over complex surface geometries is a challenge, including a trench with a high aspect ratio, porous materials and stacked particles. In order to reach a deep trench, the reactive radicals have to undergo several surface collisions in the high-aspect-ratio structures or porous materials, which significantly reduce the local flux of the radicals due to the surface recombination. Another challenge relates to equipment and processes. PA-ALD requires more complex equipment than that used for T-ALD. Although there are concerns regarding plasma-induced damage, conformality over complex surface geometries and equipment, the overall merit of PA-ALD still outweighs the disadvantages. Now some new ALD devices, such as space atomic layer deposition and roll-to-roll atomic layer deposition equipment, have been developed and put into use, which allow the PA-ALD technique to have a greater application space.
